temperature was lower than the SST from May to December and corresponded to the 30 temperature at the thermocline, whereas it was higher than the SST from December to 31
peaks of GDGT sinking flux corresponded to the peaks of the sinking fluxes of organic 24 carbon, opal and lithogenic material. GDGT concentrations in the total fine fraction and 25 the ratio of caldarchaeol to crenarchaeol at three different depths (~1300-4800 m) 26 varied synchronously, implying rapid vertical transport of GDGTs to deeper water with 27 a sinking velocity higher than 260 m d -1 below ~1300 m. The changes in TEX 86 -based 28 temperature were different from those in the contemporary SSTs. The TEX 86 -based 29 temperature was lower than the SST from May to December and corresponded to the 30 temperature at the thermocline, whereas it was higher than the SST from December to 31
May. The annual average sinking flux of the GDGTs decreased with increasing depth. 32
The GDGT half-depth, the depth range over which half of the GDGT is lost, was 33 calculated to be 3108-3349 m, implying that GDGTs were well preserved during 34 sinking in the water column. The flux-weighted average TEX 86 -based temperatures 35
were constant with depth and roughly corresponded to mean annual SST. These findings 36 support a previously proposed hypothesis that the GDGTs produced in surface waters 37 are preferentially delivered to the deeper water column by grazing and repackaging in 38 larger particles. The constant TEX 86 at different depths indicates that TEX 86 is not 39 affected by degradation in the water column. The preservation efficiency of GDGTs was 40 northward to ~41.5°N to December before gradually returning southward until April 144 (Data from Japan Meteorological Agency, http://www.data.kishou.go.jp/kaiyou/ 145 db/hakodate/knowledge/oyashio.html.) The monthly mean SST ranges from ~9°C 146 (March) to ~24°C (August) and averages ~15°C ( Fig. 2a ; Conkright et al., 2002) . The 147 seasonal SST change reflects both the latitudinal displacement of the Oyashio-Kuroshio 148 boundary and the development of thermal stratification. Thermal stratification develops 149 from summer to fall in this region (Fig. 2b ). An ocean general circulation model study 150 indicated that the average surface current velocity was ~10 cm/sec (~8.6 km/day and 151 ~260 km/month) during winters at site WCT-2 (Nonaka et al., 2006) ; this velocity is 152 much lower than that of the Kuroshio Extension. 28% to 63% with an average of 48%, implying that diatom frustules are a major 157 component of the sinking particles at this site. The total fine fraction (< 1 mm diameter), 158 organic carbon, calcium carbonate, and opal fluxes showed strong seasonal variability 159 in traps at each depth. Organic carbon, calcium carbonate, and biogenic opal fluxes 160 began to increase in February-early March and reached a maximum in early May-early 161
July, abruptly decreased in late July, and remained nearly constant after August. Traps at 162 different depths showed similar variations. The biogenic fluxes in the middle and deep 163 traps exceeded those in the shallow trap from April to June, which was attributed to the 164 lateral influx of particles in deeper traps (Mohiuddin et al., 2002) . 165
The alknone concentration and sinking flux also showed strong seasonal variability 166 in traps at each depth (Yamamoto et al., 2007) . The alkenone concentration and sinkingflux increased abruptly in mid-March-April, showed multiple maxima in spring to fall. were selected at 0.62 cm interval for analysis. 202
The age model was created using the calendar ages converted from the AMS 14 C 203 ages of bulk organic matter in six sediment samples (1380-8000 14 C yrs. BP) using 204 CALIB4.3 software and the marine98 calibration data set (Stuiver and Reimer, 1993 ) 205 with a 400-year global reservoir correction (Yamamoto et al., 2007) . 206 207
Analytical methods 208
Lipids were extracted from the fine fraction by five 5-min rounds of 209 ultrasonication with 5 ml of dichloromethane-methanol (6:4), then concentrated and 210 passed through a short bed of Na 2 SO 4 to remove water. The lipid extract was separated 211 into four fractions (F1: 3 ml of hexane; F2: 3 ml of hexane-toluene (3:1); F3: 4 ml of 212 toluene; F4: 3 ml of toluene-methanol (3:1)) by column chromatography (SiO 2 with 5% 213 distilled water; i.d., 5.5 mm; length, 45 mm). 214
An aliquot of F4 was trans-esterified with 1 ml 5% HCl/CH 3 OH at 60 ˚C for 12 h 215 under N 2 . The methylated lipids were supplemented with 2 ml distilled water and 216 extracted (3x) with toluene. The extract was back washed (3x) with distilled water, 217 passed through a short bed of Na 2 SO 4 , and separated into two fractions with SiO 2 218 column chromatography: F4-1 (acids), 4 ml toluene; F4-2 (alcohols), 3 ml 219 toluene-CH 3 OH (3:1). n-C 24 D 50 was added as an internal standard to F4-1. 220
An aliquot of F4-2 was dissolved in hexane-2-propanol (99:1) and filtered. GDGTs 221 were analyzed using high performance liquid chromatography-MS (HPLC-MS) with an 222 
Sediment trap 284
The concentration of isoprenoid GDGTs, consisting of caldarchaeoal (GDGT-0), 285
GDGT-1, GDGT-2, GDGT-3, crenarchaeol, and crenarchaeol regioisomer, varied from 286 40 to 218 μg g -1 in the shallow trap, from 36 to 113 μg g -1 in the middle trap and from 287 21 to 102 μg g -1 in the deep trap and showed strong seasonal variability in traps at each 288 depth (Fig. 3a) . The GDGT concentration gradually decreased from November 1997 to 289
June 1998, increased from early July to late September, and then gradually decreased to 290
May and June in 1999 (Fig. 3a) . Traps at the different depths showed similar variations 291 except for the interval between July and November 1998, when the GDGT 292 concentrations in the shallow trap were two times larger than those in the middle and 293 deep traps. with that in the shallow trap. In 1998, the GDGT concentration and sinking flux in the 299 shallow trap increased abruptly in late June/early July and showed maxima in late 300
June/early July, September, early November, and December/January 1999. In 1999, 301 after the maximum in February, GDGT flux was relatively low. The fluxes in the middle 302 and deep traps were relatively unchanged and showed a maximum in late April-early 303
May which exceeded that in the shallow trap (Fig. 3b) . 304
The TEX -based temperatures were generally 315 higher than the SST from January to May, whereas it was lower than the SST from 316
May-June to December. 317
The relative abundance of caldarchaeol and crenarchaeol (Cald/Cren ratio) is 318 assumed to respond to SST (Schouten et al., 2002) . The Cald/Cren ratio varied from 0.8 319 to 1.5. The maximum appeared in late July 1998 and corresponded to a low TEX 
Core CMC18 326
The GDGT concentration was highest at the core top, decreased abruptly 327 downwards until 1.6 cm (~1.6 ka) and showed a maximum at 9.1 cm (~2.8 ka) (Fig. 4) . 328
The alkenone GDGT AR showed a similar changing pattern with that of GDGT 329 concentration, but it showed an enhanced peak interval from 4.1 to 9.1 cm deep (from 330 ~2.3 ka to ~2.8 ka), and the maximum appeared at 6.6 cm (Fig. 4) (Fig. 4) . 336 337
Satellite-based surface chlorophyll concentration and estimated net primary 338 production 339
Satellite-based surface chlorophyll concentration at the study site showed a 340 seasonal cycle with lower values from July to October (Fig. 5a ). The low surface 341 chlorophyll concentrations from summer to fall presumably reflect both the decrease of 342 primary production and the deepening of chlorophyll maximum in the water column. 
Season of export production of isoprenoid GDGTs 354
In the shallow trap, the sinking flux of GDGT showed maxima from May 1998 to 355
February 1999 (Fig. 5c) and alkenones were found in early July 1998, but surface chlorophyll concentration 367 NPP were relatively low in this period. It is not clear at this stage whether this was 368 caused by the time lag between the production and sinking of biogenic materials or the 369 subsurface production of primary producers. 370
The season of GDGT production in the marine environment is still not clear. The present study demonstrated that the sinking flux of GDGTs was enhanced with 386 increasing fluxes of organic matter, diatom frustules and lithogenic materials (Figs. 5b  387 and 5c). This is attributed either to enhanced production of Thaumarchaeota during the 388 phytoplankton bloom or to that the scavenging of GDGTs is enhanced when the organic 389 particulate flux increases after the phytoplankton bloom. In the former case, 390
Thaumarchaeota production would be supported by the supply of ammonia and labile 391 organic compounds derived from decay of plankton. In the latter case, the sinking of 392 
Depth changes of GDGT sinking fluxes 398
GDGT concentrations in the total fine fraction varied synchronously at three 399
depths from approximately 1300 m to 4800 m (Fig. 3a) . The Cald/Cren ratio also 400 showed synchronous variations at the three different depths (Fig. 3e) . The sampling 401 interval was 13 days and no significant time lag was seen in the GDGT concentrations 402 and the Cald/Cren ratio, implying that particles sank ~3400 m within 13 days; the 403 sinking velocity below ~1300 m was calculated to be higher than 260 m d -1 . This 404 velocity is in the range of those of faecal pellets and marine snow (Honjo and 
2007). 414
The annual average sinking flux of GDGTs decreased with increasing depth (Fig.  415 6). The GDGT flux was almost identical between the NH97 and NH98 intervals. 
Preservation efficiency of GDGTs at the sediment surface 441
A comparison between GDGT fluxes at the bottom of the water column and the 442 core-top GDGT AR of Core CMC18 provides a measure of the preservation efficiency 443 of GDGTs at the water-sediment interface. The GDGT fluxes at the bottom of the water 444 column (F 5389 in Table 3) sediment core. These studies indicated that most GDGTs are remineralised at the 473 sediment surface in an oxic environment and that they are less refractory than total 474 organic carbon and n-alkanes and more refractory than steroids. The estimated 475 preservation rates of GDGTs in this study are consistent with this perspective. 476
Seasonal variation in TEX 86 478
The changes in TEX -based temperatures were different from those 479 of the contemporary SST (Fig. 5d) . The TEX -based temperatures were 480 lower than the SST from May to December, whereas they were higher than the SST 481 from December to May (Fig. 5d) . Disagreement in the seasonal pattern between the 482 37 -based temperatures were nearly constant and were higher than the 499 contemporary SSTs. The nearly constant carbon isotopic ratios of C 37:2 and C 38:2 500 alkenones suggest that the source of alkenones was unchanged and that the alkenones 501 -based temperatures were a 504 maximum of 9-12°C lower than the contemporary SST (Fig. 5d) . Because thermal 505 stratification is developed in summer and fall in the western North Pacific (Fig. 2) , the 506 37 -based temperatures during the low alkenone flux period at the study site (Fig.  520   5d) and was attributed to the gradual sinking of alkenones that had been produced in the 521 previous period of high alkenone flux. This interpretation is applicable to the case of 522 TEX 86 , but the Cald/Cren ratio varied significantly from 0.9 to 1.4 during this period 523 (Fig. 3e) , suggesting the successive change in GDGT composition. This change isprobably caused by the heterogeneous distribution of GDGTs in the surface water pool, 525 the successive addition of newly-produced GDGTs, and/or the lateral advection of 526
GDGTs by strong surface currents. An ocean general circulation model study indicated 527 that the average of surface current velocity was ~10 cm/sec (~8.6 km/day and ~260 528 km/month) during winters at site WCT-2 (Nonaka et al., 2006). If particle residence 529 times are long enough, the warm-water detrital GDGTs could be supplied by the 530 Kuroshio Current in winter to spring. It is not clear which process caused 531 TEX 86 -derived temperatures to be higher than SSTs from winter to spring. Further case 532 studies are necessary to fully understand the phenomenon. 533 534
Depth variations in TEX 86 535
The flux-weighted average TEX 
